Hydration and oxidation of gadolinium-doped barium cerate, a system with highly promising properties when used as electrolyte for protonic ceramic fuel cells, are investigated by means of density functional calculations. The energy landscape of oxygen vacancies and interstitial protons in this strongly distorted orthorhombic perovskite is computed. Although the most stable sites for protons are found in the close vicinity of the dopant, the picture of a very complex energy landscape emerges, in which some sites far away from Gd are found more stable than other ones in its close vicinity, due to the highly distorted geometry of the host materials. The fully hydrated phase can be approximated by a structure with 16 local minima. Both hydration (water incorporation) and oxidation (oxygen incorporation) are found to be exothermic processes with reaction enthalpies of −1.34 eV/H 2 O molecule and −0.70 eV/O atom, respectively. The hole polaron resulting from the exothermic incorporation of oxygen is found localized on oxygens around the dopant (small polaron) and carries a spin magnetic moment. Finally, the competition between hydration and oxidation is studied and discussed as a function of oxygen and water partial pressures.
I. INTRODUCTION
Proton conduction phenomena are of crucial importance in a number of technological issues in the electrochemical field, in particular fuel cells, as well as in natural processes, for instance glass and minerals leaching by water, and continue to raise many fundamental questions (diffusion paths, diffusion mechanisms, quantum tunneling of protons). One of the most common proton conductor is water, in which proton conduction takes place through a hop-turn mechanism occurring along a hydrogen-bonded network of H 2 O molecules, and suggested more than two hundred years ago by Grotthuss. 1 The Grotthuss mechanism is now a general name for the proton hopping/reorientation phenomenon as it occurs in many organic or inorganic compounds. Focusing on materials for fuel cell technology, mainly two kinds of systems involve proton conduction as a central process: In polymer-based electrolytes for fuel cells (proton exchange membrane fuel cells), the protons H + are indeed the charge carriers that constitute the ionic current in the electrolyte, and the low activation energy of the proton hopping allows the fuel cell to work at low temperature. However, another family of fuel cells, with membranes made of ceramics (solid oxides), work at higher temperature. In such devices, ionic conduction in the electrolyte can be ensured by oxygen anions such as in yttrium-doped zirconia, or by protons if the oxide of the electrolyte gets hydrated in presence of vapor, which allows a decrease of the working temperature with respect to anionic conduction. The corresponding devices are called protonic ceramic fuel cells (PCFCs).
This is precisely the case of some perovskite-type oxides that, under aliovalent acceptor doping, might present a significant proton conductivity when exposed to humid conditions. For this reason, such compounds have been proposed since the late 1990s as possible candidates for electrolytes for PCFCs. 2 In particular, many works have been focused on acceptor-doped perovskites having a tetravalent element on the B site, such as titanates, zirconates, stannates, and cerates: [2] [3] [4] [5] [6] Substituting the B-site tetravalent cation by a trivalent element globally increases the basicity of the system and, by charge compensation, allows appearance of charged oxygen vacancies V
••
O . Such process is usually observed to enhance the reactivity of the system with water: H 2 O molecules can incorporate into the solid and dissociate in the vacancies, giving rise to protonic defects, according to H 2 
These defects usually yield a protonic conductivity, the longrange diffusion of protons resulting from alternative hopping (between two oxygen atoms) and reorientation (around an oxygen atom) motions.
Among the various perovskite compounds exhibiting such properties and candidates as electrolytes for PCFCs, one finds cubic compounds such as BaZrO 3 and BaSnO 3 , and compounds with distorted orthorhombic structures such as alkaline-earth cerates, and especially BaCeO 3 (BCO), which exhibits a high protonic conductivity. [2] [3] [4] [5] [6] Both families have been the subject of theoretical investigations [7] [8] [9] [10] [11] [12] [13] but the number of theoretical works dedicated to the latter is much smaller. This is probably due to the high complexity of the orthorhombic structure, which is strongly distorted: Indeed BCO crystallizes in its ground state in a Pnma space group (a − b + a − in Glazer notation 14 ) , a structure in which two antiphase octahedra tilting systems (around x and z) coexist with a third in-phase one (around y), giving rise to many different inequivalent sites for the proton and for the oxygen vacancy, and thus the possibility of having complex diffusion paths. Indeed, Bilic and Gale 15 studied the stable sites of protons in orthorhombic In-doped CaZrO 3 and the energy barriers separating these sites, showing the high complexity of such a system.
Oxygen octahedra tilts are observed in perovskite compounds in which the B-site cation is rather large with respect to the space left inside the oxygen octahedron. The probability to have a distorted perovskite can be evaluated through the use of the well-known Goldschmidt's tolerance factor:
Considering this tolerance factor, octahedra tilts usually manifest for values of t lower than 1. In BCO, using Shannon ionic radii with appropriate coordination numbers (r Ba = 1.61 A, r Ce = 0.87Å, r O = 1.35Å), 17 we indeed get a small factor of t = 0.94, while the tolerance factor for cubic perovskites tends to be slightly above 1 (1.01 for BaZrO 3 and 1.03 for BaSnO 3 ). Higher values of t, by contrast, rather tend to favor polar distortions and the appearance of ferroelectricity (1.06 for BaTiO 3 ).
The physicochemical properties of BCO doped with a trivalent element (yttrium and, to a lesser extent, indium) have been theoretically studied, 11, 12 but no first-principles study has been carried out on hydration/protonation and oxidation of Gd-doped BCO, to the best of our knowledge, although substituting Gd 3+ to Ce 4+ is known to induce a high level of protonic conductivity according to experimental studies. 18, 19 And yet, understanding hydration/protonation and oxidation processes at the atomic scale in cerates could help to improve and design new materials for electrolytes or electrodes in fuel cells. Moreover, Gd is known to be easily substituted to Ce in CeO 2 20 to provide oxygen vacancies and form an anionic conductor widely used as electrolyte in solid oxide fuel cells. Thus, Gd-doped BCO can be viewed as a prototypical system to study hydration and proton conduction in low-symmetry perovskites compounds.
In this work, we present a comprehensive survey of the complex energy landscape of protons and oxygen vacancies in the highly distorted structure of Gd-doped barium cerate (BCGO). The equilibrium geometries of the pure and doped compound are computed and compared to experiments (synthesis of Gd-doped BCO and x-ray diffraction characterization). The stable geometries for the two defects in numerous possible sites are determined by density functional calculations, and the resulting energy landscape is discussed. The hydration reaction, which corresponds to the dissociation of molecular water [
• O ] and the oxidation reaction, which corresponds to the incorporation of oxygen [
• ], are studied and their enthalpy estimated. They are both found exothermic ( H < 0), and the hole polaron resulting from the incorporation of oxygen is characterized. Finally, the thermodynamic conditions of stability of hydrated and oxidized phases of BCGO are determined as a function of oxygen and water chemical potentials, allowing us to discuss how both processes compete with each other.
II. COMPUTATIONAL DETAILS

A. Numerical parameters
We have carried out density functional calculations using the generalized gradient approximation (GGA) in the form proposed by Perdew, Burke, and Ernzerhof 21 (GGA-PBE), and the projector augmented wave (PAW) method. 22, 23 We have used the ABINIT code 24, 25 together with PAW atomic data that explicitly treat semicore electrons for the metallic elements (Ba: 5s  2 5p  6 6s  2 ,Ce:5s  2 5p  6 4f  1 5d  1 6s  2 ,Gd:5s  2 5p  6 4f   7   5d  1 6s 2 ). The PAW radii for the atomic data are 2.8 (Ba), 2.5 (Ce and Gd), 1.4 (O), and 0.8 (H) atomic units.
We use a plane-wave cutoff of 20 hartrees and employ an 80-atom supercell (±1 atom according to the kind of defect we are looking at-dopant, vacancy, or proton). The corresponding Brillouin zone is sampled by a 2 × 2 × 2 k-point mesh. Because of the presence of magnetic Gd atoms, all the calculations are spin polarized (only collinear magnetism is used; spin-orbit effects are neglected in this study). We have fully optimized the geometry of the system (atomic positions and supercell vectors) using the efficient Broyden-FletcherGoldfarb-Shanno minimization scheme implemented in the ABINIT code, within an optimization criterion on atomic forces of 1.0 × 10 −4 hartrees/bohr (≈0.005 eV/Å). Finally, in order to check the good description of the hydroxyl group in these condensed-matter calculations (in particular the short bond length between the oxygen and the proton), a harder atomic data of oxygen (requiring a high plane-wave cutoff of 46 hartrees), with a shorter radius of 1.1 a.u. has also been tested (see Appendix A).
B. Methodology
In this section, we provide a description of the three families of systems we have simulated in the present work.
Dry compound
The compound studied in this work is Gd-doped barium cerate (BCGO). This material results from the mixing of the binary oxides BaO, CeO 2 , and Gd 2 O 3 , according to
We will thus simulate BCGO as a material with composition BaCe 1−δ Gd δ O 3−δ/2 , denoted hereafter as the "dry" system, in which the + 2, + 3, and + 4 oxidation degrees of Ba, Gd, and Ce are thus preserved. Moreover, it is a common experimental fact 20 that, even for high values of δ (up to 0.2), this compound keeps the perovskite structure. Thus it can be viewed as a BCO compound in which some Ce have been substituted by Gd (dopants, with proportion δ) and oxygen atoms have been removed (oxygen vacancies, with proportion δ/2). For this reason, BCGO has been simulated by introducing a number of Gd dopants and O vacancies in the ratio 2 : 1. We have constructed an 80-atom supercell, which has been first fully optimized without any defect and relaxed in the Pnma space group, which is the ground state structure of BCO. Then two Gd dopants are introduced, as well as one oxygen vacancy, to form BCGO. Formally, this corresponds to δ = 0.125. However, it will be shown hereafter (Sec. IV B) that the interaction between defects is rather short-range, and that at such content the dilute limit can be reasonably considered as reached.
Qualitatively, on the basis of the numerical results, it is possible to know which charge state the previous defects, associated inside the supercell, exhibit. Indeed, in the BCGO compound, we find the following:
(i)TheGdionisina + 3 ionic form, as shown by the value of its magnetic moment, which is found close to 7 μ B in all the calculations we have performed. As a defect, it therefore corresponds formally to a −1 charge state (Kröger-Vink notation Gd ′ Ce ).
(ii) The compound is found insulating (this is a requirement for its use as an electrolyte for fuel cells). No electronic defect (electron or hole) is thus present in BCGO.
By considering the rule of charge neutrality and the −1 defect charge on Gd, this means that oxygen vacancies are charged in a + 2 state (V
Note that this is exactly what is traditionally assumed in acceptor-doped perovskites, in which the stoichiometry of the initial binary oxides is preserved. The dry compound is presented in detail in Sec. IV A, in which the relative position of the defects has been varied to provide the energy landscape of the oxygen vacancies around dopants.
Hydrated compound
Second, we also study the hydrated form of BCGO, which results from the incorporation of water according to a chemical reaction which is traditionally written as H 2 
This reaction consumes the (charged) oxygen vacancies to produce (twice more) protonic defects. Therefore we obtain the (fully) hydrated compound by introducing in the BCO supercell two Gd dopants and two interstitial hydrogens. These two kinds of defects are in equal number under the assumption of total hydration (a hydrated compound can be thus also obtained by introducing one dopant and one hydrogen).
Here again the charge state of the associated defects can be known, since in the hydrated compound, we find that (i) Gd is still in a −1 defect charge state, as in BCGO (magnetic moment ≈7 μ B );
(ii) the fully hydrated compound is perfectly insulating: No electronic defect (electron or hole) is thus present in the hydrated compound.
There are thus two kinds of defects in the hydrated system: the Gd dopants (−1 charge state) and the hydrogen interstitials. Therefore the rule of charge neutrality ensures that the hydrogens are in a + 1 charge state (protonic defects OH
• O ), and that charge of the point defects is preserved throughout the hydration reaction. Hydration is presented in detail in Sec. IV B, in which the relative position of the defects has been varied to provide the energy landscape of the protons around dopants.
To summarize, in order to study the dry and hydrated compounds, the defects are systematically placed in the 80-atom supercell by pairs to provide charge compensation:
The first couple of defects (O vacancy + 2 dopants) corresponds to the system before hydration ("dry"), while the two others (proton + dopant) correspond to the system after (total) hydration.
The charges of the point defects (−1forGd
• O ) are formal values, deduced from stoichiometry considerations related to the oxidation states, as classically done in solid state chemistry and within the Kröger-Vink notation. They are different from the charge that would be obtained from examination of the electron density at the defective site and at the undefective site, by using for instance the Bader method. 26 In particular, the protonic defect OH
• O is not a really bare proton and the O-H bond keeps an ionocovalent character.
Oxidized compound
Finally, we have also studied the system after oxygen incorporation into the vacancies (oxidation). This oxidation reaction 10 is traditionally assumed to occur according to 1 2 
• . It consumes vacancies and is supposed to produce electronic defects (holes). The oxidized system is thus studied by introducing in the 80-atom BCO supercell only the two Gd dopants. Here again the Gd are found to have a + 7 μ B magnetic moment, ensuring the + 3 oxidation degree of Gd and the −1 charge state of the defect. But the major difference with the two previous cases is that the system is now found to have a metallic electronic structure, containing empty states at the top of the valence band (holes). Therefore, in this case, charge compensation of the dopant is provided by an electronic defect, namely a hole polaron.
Note that oxygen incorporation could also provide peroxo groups O 2− 2 , as found in Ref. 27 in the BaSnO 3 compound. But such species were found unstable and are thus not considered in the present study.
Limitation of the present study
Finally, the three families of systems studied (dry, hydrated, oxidized) have in common to be various acceptor-doped forms of Gd-doped BCO. In all cases, the electronic chemical potential μ e (Fermi level) remains close to ǫ VBM ,t h et o po f the valence band. Higher values of μ e within the band gap would correspond to the presence of donor defects in the system, such as neutral oxygen vacancies, neutral interstitial hydrogens, or electronic polarons. Although such cases might be interesting for the physicochemistry of materials for fuel cells, in particular when these compounds are exposed to reducing atmosphere (H 2 ), we have excluded them from the present study.
III. PRELIMINARY RESULTS: PURE BARIUM CERATE AND GADOLINIUM OXIDE
The PAW atomic data have been carefully tested on the standard state of each chemical element (bcc Ba, fcc Ce, hcp Gd, O 2 molecule, H 2 molecule) and on their corresponding oxidized form (BaO: rocksalt structure, CeO 2 : fluorite structure, Gd 2 O 3 : bixbyite structure, H 2 O molecule). For the solids, we compute the equilibrium volume, the cohesive energy (i.e., with respect to free atoms), and the bulk modulus, and for the molecules the bond lengths and the binding energy. The results are summarized in Table I and compared to experimental data and previous DFT calculations, with which a very good agreement is found.
A. BaCeO 3
Various experimental studies on barium cerate have shown that it undergoes-under ambient pressure-three phase transitions when increasing the temperature. [42] [43] [44] At low temperature, the structure is orthorhombic with space group Pnma (a − b + a − using Glazer's notations 14 ) , as already explained. When heating, it first loses the in-phase tilt to turn into the I mma space group (a − b 0 a − ) around 550 K. Then the structure changes through a first-order transition at 670 K to a rhombohedral phase with space group R3c (a − a − a − ). Above TABLE I . Atomic (resp. unit cell) volumes for simple metals (resp. for oxides), molecular bond lengths, cohesive or binding energies (with respect to free atoms), and bulk moduli (for solids) from our simulations, compared with experiments and other DFT calculations. 1170 K, BaCeO 3 is finally cubic (no more octahedron tilt) with space group Pm3m (a 0 a 0 a 0 ). At the working temperature of a PCFC (usually around 900 K), barium cerate is supposed to be in its rhombohedral structure. However, geometry optimizations performed on the R3c structure without symmetry show that the material systematically returns in its Pnma structure, showing that R3c is not a local minimum in configuration space but is probably stabilized at high temperature by entropy through thermal vibrations. Thus we will only study the materials in its ground state (Pnma space group). The Pnma unit cell and oxygen octahedra tilts are represented in Fig. 1 Structural and energetic results on BaCeO 3 -as found from our density functional calculations-are given in Tables II, III, and IV, and compared to other data from experiments or DFT calculations. The unit cell volume, and lattice constants are slightly overestimated (a well-known tendency of GGA), and the formation energy is underestimated by ≈9%.
B. Gadolinium sesquioxide Gd 2 O 3
Previous ab initio studies on rare-earth sesquioxides 50 have been mainly focused on the high-temperature hexagonal A-type and monoclinic B-type structures with respectively 5 and 30 atoms in the primitive cell, rather than on the C-type cubic structure, which has a bixbyite primitive cell containing 40 atoms. 51 The weak number of such studies on Gd 2 O 3 can be explained not only by the heavy computational cost due to the large number of atoms (and thus electrons), but also by the lack of accurate experimental information on its magnetic structure. Rare-earth compounds are known to frequently exhibit subtle effects due to the presence of strongly correlated electrons in the 4f electronic shell. Since our theoretical approach, based on standard GGA, might fail in the treatment of strongly correlated electrons, we wish to check that it is able to reasonably reproduce the main physicochemical properties of the Gd 2 O 3 compound (crystal structure, electronic structure, and magnetism). We have thus optimized Gd 2 O 3 in its ground state bixbyite structure without any special treatment of electronic correlations (such as introducing a Hubbard U parameter).
Bixbyite structure
At room temperature, gadolinium sesquioxide crystallizes in the bixbyite structure (space group Ia3, body-centered cubic) with a 40-atom primitive cell (see Fig. 2 ). At higher temperature, it becomes monoclinic (1425 K) and then hexagonal (2443 K). 52 In the bixbyite structure, there are two inequivalent sites for Gd atoms: Four Gd 3+ ions are on site 8b (C 2 , six identical bonds with oxygen atoms) and 12 Gd 3+ ions are on site 24d (C 3i , four short and two longer bonds with oxygen atoms). This bixbyite structure can be seen as a fluorite one where one fourth of the oxygen atoms have been removed. We have performed a full optimization (lattice constant and atomic positions) of Gd 2 O 3 , assuming an antiferromagnetic order for the Gd magnetic moments. Note that the atomic structure is not found to depend on the kind of magnetism, ferromagnetic (FM) or antiferromagnetic (AFM). The results (see Table V ) show a good agreement with both experiments and other ab initio calculations for the atomic positions and lattice parameter. The difference between our equilibrium volume (80.67Å
3 ) and the one obtained by Hirosaki et al. 50 (78.99Å 3 ), also performed in GGA, may be explained by the freezing of the 4f electrons in the core of the pseudopotential used by these authors, whereas we explicitly treat the 4f electrons as valence electrons.
Magnetism
Whether gadolinium oxide has a FM or AFM ground state is still an open question. Previous density functional calculations on this oxide were mainly dedicated to clusters. However, these calculations show that antiferromagnetic states are in general 57 Experimental papers also lean in favor of an antiferromagnetic coupling between nearest-neighbor Gd ions. 54 Therefore, we performed two calculations, one on the FM state of Gd 2 O 3 and one on an AFM state compatible with the space group of the crystal (see Fig. 2 ): The AFM state is found more stable, though the energy difference between the AFM and FM structures is very small. To complete our study, we also tried a nonmagnetic (NM) structure (with all f bands half filled, to get occupation numbers identical to the FM case), which was found to have a much higher energy than the two magnetic ones. These results are summarized in Table VI and the energy difference between the two ordered magnetic structures is compared with previous results. Our result is in the range with previous values, although the study of clusters instead of bulk may induce a difference on E FM − E AFM .
Electronic structure
The electronic density of states (DOS) for both magnetic structures has been computed. We find an insulating structure with a Kohn-Sham band gap of 2.88 eV for the FM state, and 3.27 eV for the AFM state. The gap for the AFM structure appears to be larger than that of the FM one, as Ayuela et al. 56 and Ning et al. 55 found in small clusters, using respectively the PBE functional on Gd 2 O 3 and the B3LYP functional on Gd 12 O 18 . Note that conductivity measurements provide a gap 59, 60 Therefore, the use of pure GGA, despite its usual poor description of strongly correlated electrons, is found sufficient to describe with reasonable accuracy the electronic structure of Gd 2 O 3 . In particular, Gd 2 O 3 is found insulating as in experiments. 61 This correct description of a rare-earth oxide, containing strongly correlated electrons, by standard GGA is probably related to the half filling of the 4f shell in the Gd 3+ ion, since the electronic configuration 4f 7 (the 7 electrons having parallel spins) allows the minimization of the electronic repulsion of f electrons (the Pauli principle applies to the orbital parts and the electrons spatially exclude each other by filling the different 4f orbitals) and is strongly stabilized by the exchange effects. We therefore expect a correct description of Gd-doped BCO within the GGA-PBE functional, since Gd conserves the same electronic configuration in this compound.
IV. RESULTS
We now investigate the chemical processes of hydration and oxidation in BCGO. We first describe the initial state of these reactions (dry system = BCGO), and then turn to its fully hydrated form (which contains protonic defects and no more oxygen vacancy), and finally to its fully oxidized form obtained by incorporation of O 2 , which dissociates and fills the oxygen vacancies (it provides electronic defects, namely holes, that might destroy the insulating character required to have a good electrolyte).
A. Gd-doped BaCeO 3 : The dry compound
Energy landscape of oxygen vacancies around the dopant
In the initial, dry system, the charge of the oxygen vacancies V
••
O exactly compensates that of the Gd ′ Ce dopants, i.e., one oxygen vacancy for two Gd dopants. Thus we substitute in the 80-atom supercell two Ce atoms by two Gd atoms (they are placed in a relative position that maximizes their distance), and remove one oxygen atom. There are several possibilities to place the vacancy in the neighborhood of a dopant, due to the low symmetry of the structure.
In pure BCO, there would be only two possible positions for the vacancy: O1 and O2. However, in the presence of a dopant, this is different: Gd breaks the equivalence between the four equatorial oxygens (O2) of its first coordination shell. This is due to the fact that the B-O distances in the equatorial plane of a perovskite oxide ABO 3 in the Pnma structure are of two kinds (d 1 and d 2 ), which alternate along the B-O chains (Fig. 3) . Thus two of these equatorial oxygens are at d 1 from B while two others are at d 2 from B. When B=Gd, the set of the four O2 is therefore split into two sets of two O2 (called O2 and O2
′ in the following), the two oxygens of each set being symmetrically placed with respect to Gd.
We first focus on the vacancy placed on the first coordination shell of Gd (3 possible sites: O1, O2, and O2 ′ ). The calculations show that on this first coordination shell of Gd, the O2 and O2
′ sites have very close energies and are thus quasi-identical (energy difference < 0.015 eV). They are thus considered as one single site in Fig. 4 , which shows the energy for the different configurations as a function of the Gd-vacancy distance. Beyond the first coordination shell of Gd, the symmetry-breaking produced by the dopant is more complicated. Nevertheless, since the difference O2/O2
′ is insignificant near Gd, we can consider that, beyond the first coordination sphere, there are only two inequivalent oxygen sites: O1 and O2 (the dopant is considered as far enough so as to recover the equivalence between all O2). Two O1 and two O2 sites are examined in that case, with increasing Gd-vacancy distance up to ≈6Å.
We find that the dopant and the vacancy, which are defects having opposite charge, are attracted to each other since the most stable positions for the O vacancy are in the first coordination shell of the dopant (see Fig. 4 ). More precisely, the most stable site is the O1 site in this first coordination shell. The dopant-vacancy interaction is found rather short-range, as the positions beyond the first coordination shell have very close total energies.
From this observation, we can define an approximate interaction energy (sometimes called "association energy") as the mean value (on O1 and O2 sites) of the energy difference between the closest and the farthest positions, which gives
Comparison with experiments
To compare with experiments, we focus on the most stable system theoretically obtained, i.e., corresponding to the O vacancy in the O1 position close to a dopant, and retain its lattice parameters after full optimization (Table III) . Of course, the Pnma symmetry is lost due to the presence of the defects, but the octahedron tilting system remains of the type a − b + a − , showing that on average, despite the defects, a Pnma space group is preserved in BCGO.
From the experimental point of view, under aliovalent doping, especially at high dopant concentration, perovskite oxides can have their space group modified, or at least have their lattice parameters significantly changed. However, in the case of BaCeO 3 , the substitution of Ce 4+ by trivalent ions is known to have little influence on the structure, even if a shift in the phase transition temperatures 64, 65 is usually observed. This suggests that BCGO keeps the Pnma structure at zero and room temperature.
Experimental data on BCGO at a level of doping of 12.5% are unfortunately lacking in the literature. Therefore, in order to compare the simulations with experiments, we coupled this theoretical study to an experimental work, and performed x-ray diffraction experiments on BCGO containing exactly 12.5% of Gd. The compound has been synthesized using the freeze-drying method. After dissolving barium, cerium, and gadolinium acetate powders in water in the stoichiometric ratio, this solution was homogenized and sprayed into liquid nitrogen to get frozen droplets. The solvent was then eliminated by sublimation and the resulting nanopowder was pre-calcined at 600
• for 10 min. Finally, the grayish powder was calcined at 1200
• for 4 h. X-ray diffraction was then performed to check whether there were impurity phases or not and to determine the cell parameter through Rietveld refinement. The parameters found (Table III) are almost identical to the ones of previous experiments on BaCeO 3 doped with 10% of gadolinium.
Both calculations and experiments (Table III) show that there is no significant difference in the lattice parameters between pure BCO and BCGO even at this quite large doping (12.5%).
B. The hydrated compound and the hydration enthalpy
Hydration is the process by which the dry compound incorporates water molecules, which dissociate in the vacancies, providing protonic defects (hydroxyl groups) (OH)
• O .I ti s described by the reaction
(1)
Energy landscape of protonic defects
In the 80-atom supercell, one Ce is substituted by one Gd, and one hydrogen interstitial is introduced, assuming total hydration (complete disappearance of oxygen vacancies). Hydrogen interstitials bind to the oxygen atoms, forming hydroxyl groups OH
• O that roughly point along the [100]-type directions (in perovskites with large lattice parameter) in the interoctahedral space (4 sites per oxygen atom). However, due to the low symmetry of the Pnmaspace group, there are many possible unequivalent positions for the proton, which we have to rationalize. More precisely, as in the case of the oxygen vacancy, the (equatorial) oxygens O2 in the first coordination shell of Gd are of two types, O2 and O2 ′ , due to the alternating distances along the B-O chains of the perovskite structure.
First we focus on protons bonded to the oxygen atoms first neighbor of the Gd dopant, for which the O2/O2
′ dissymmetry leads to the study of many sites: As there are three kinds of oxygen atoms in this shell (O1, O2, and O2 ′ ), and four possible sites for the proton on each oxygen atom, there are 12 possible positions in the first coordination shell of Gd. Almost no difference is found between the four sites of O2 (denoted 2a,2 b,2 c, and 2d) and the corresponding sites of O2
, whereas the four sites of O1 (1a,1 b,1 c,1 d) have very different energies (see Table VIII ). Therefore we can consider reasonably that the dissymmetry introduced by the Gd dopant can be neglected, and the protonic sites of O2 and O2
′ identified. The 8 relevant sites are indicated in Fig. 5 . Among these various sites, the 1a is found as the most stable. Then we examine the protonic sites beyond the first coordination shell of Gd. Since the O2/O2 ′ dissymmetry has been found negligible near Gd, it will not be considered for oxygen atoms that do not belong to the first coordination shell of Gd. The 8 sites shown in Fig. 5 near Gd are thus examined on oxygen sites beyond. We choose these oxygen sites as belonging to the neighborhood of Ce atoms that we denote by Ce1, Ce2, and Ce3 by increasing the Gd-Ce distance (see Fig. 5 ). The energies of all these configurations are shown in Fig. 6 , together with those of the sites of the first coordination shell of Gd (with no distinction between O2 and O2 ′ ,a s explained).
Examination of these energies shows that (i) the energy landscape of the proton around a Ce site is globally preserved, whatever the site (provided the oxygen site does not also belong to the first coordination shell of a Gd);
(ii) Ce1, Ce2, and Ce3 exhibit very close energy landscapes, suggesting that protons do not interact any more with the dopant as soon as they leave the first coordination shell of Gd (convergence in the proton-dopant interaction energy is reached); (iii) as in the vacancy case, the proton is, on average, the most stable when it is in the first-neighbor shell of a Gd atom because of the opposite charges of the two defects (−1 and + 1, respectively);
(iv) however, some positions far from the dopant are more stable than other ones close to Gd, such as 1b of Ce1, Ce2, or Ce3, which is more stable than 1c,2a, and 2c near the dopant. Thus the picture that emerges from these calculations is that of a complex energy landscape, different from the traditional picture in which sites close to the dopant act as traps for protons. 66 We can thus distinguish only two families of sites: when protons are bonded to an oxygen first neighbor of a dopant (8 positions) or not (8 positions). Therefore, we conclude that the protonic energy landscape in Gd-doped BaCeO 3 can be reasonably approximated by a structure consisting of 16 local minima, with relative energies shown on Fig. 6 .
As we did with the vacancy, we define an approximate dopant-proton interaction energy ("association energy") by averaging (over the possible positions) the energy difference between the first set of values (around Gd) and the set corresponding to the furthest site (Ce3), which provides −0.11 eV.
Hydration enthalpy
In order to determine the hydration enthalpy, i.e., the enthalpy of the reaction
• O ,w e perform a calculation with the same doping rate for the initial state and the final state: We thus recompute the energy of the supercell with two protons and two dopants (at the same positions as for the calculation of the vacancy). Both protons are in their lowest energy position, i.e., position 1a, close to each dopant. For the vacancy, we also take the most stable state, which is the O 1 first neighbor of a dopant. The hydration enthalpy H hyd is estimated from the total energies associated with each term of Eq. (1):
in which E tot (BCO + 2Gd + 2H) is the total energy of the (fully relaxed) supercell containing 2 dopants and 2 protons, E tot (BCO + 2Gd + V O ) is the total energy of the (fully Since (i) the systems are fully relaxed (atomic positions and stresses) and (ii) the defects are in their most stable positions, the computed quantity H hyd is the hydration enthalpy at zero pressure and zero temperature. The calculations provide a hydration enthalpy of −1.34 eV/H 2 O molecule, showing that hydration of Gd-doped BCO is an exothermic process, favored at low temperature. This high value is consistent with experimental studies on acceptor-doped BaCeO 3 as shown in Table IX . Note that even if we consider less stable positions for the proton or the vacancy, we still obtain an absolute value for the hydration enthalpy above 1 eV.
C. The oxidized compound and the oxidation enthalpy
Since BCGO contains charged oxygen vacancies, the question may be asked of its possibility to incorporate oxygen. 67 Although such process cannot result in an effective oxidation of the metallic elements present in the system (which are already in their maximal oxidation state), oxygen incorporation might provide appearance of electronic defects, namely holes, likely to affect the electrical properties of the system. This process, if possible, would occur, in contact with an oxygen atmosphere, according to the oxidation reaction:
• . In the final state (BCGO without vacancy), the charge compensation of point defects is no longer fulfilled: Instead of having a vacancy V
••
O for two dopants Gd ′ Ce , there are only two dopants in the supercell, providing two holes. In a real device, this phenomenon should be avoided as much as possible to preserve the insulating character of the electrolyte. The associated oxidation enthalpy H ox has been estimated by computing a new configuration with neither vacancies nor proton, but only two dopants (this configuration is here again fully relaxed).
Exothermic character of oxidation
As we did for hydration, we consider the two dopants as far as possible in the supercell. The oxidation enthalpy is obtained by
, where E tot (BCO + 2Gd) is the total energy of the (fully relaxed) supercell containing 2 Gd (and no vacancy), and E tot (O 2 ) is the total energy of an isolated O 2 molecule. Since (i) the systems are fully relaxed (atomic positions and stresses) and (ii) the defects are in their most stable positions, the computed quantity H ox is the oxidation enthalpy at zero pressure and zero temperature. We obtain H ox =−0.70 eV/O atom. The process is thus exothermic (as hydration) and should be favored at low temperatures (except if kinetically blocked), and unfavored at high temperatures, since it is obviously associated to a S < 0.
In several other acceptor-doped perovskites, such as barium zirconate 8, 10 and barium stannate, 10 this oxidation process has already also been found to be exothermic by DFT calculations, and associated with the appearance of hole polarons and a metallic character.
From the experimental point of view, hole conduction under oxygen atmosphere is indeed observed in these systems, but at high temperature only (proportional to p 1/4 O2 , provided the major defect remains the oxygen vacancies and that
. It is not observed at low temperature. We suggest that the reason is a kinetic blocking: To incorporate into the perovskite network, the O 2 molecule (i) should dissociate at the surface and (ii) its progression throughout the materials should occur via the diffusion of oxygen vacancies. Among these two processes, at least the latter is associated to a high activation energy barrier (typically ≈0.8 eV). Note that the hydration, by contrast, is usually associated in acceptor-doped perovskites to smaller energy barriers of ≈0.4-0.5 eV (for proton diffusion), and should not be kinetically blocked except at very low temperature.
Moreover, as discussed in Ref. 10 , an exothermic process can be made compatible with a hole conductivity increasing with temperature at high temperature provided the hole mobility, which is ∝ e −E a /k B T (in the hypothesis of conductivity mediated by small polarons), increases faster than the hole concentration decreases. The latter being ∝ p 
| H ox | (since H ox < 0). In the present case, we have 1 2 | H ox |=0.35 eV from the DFT calculation. This should therefore imply E a > 0.35 eV for the energy barrier of the hole polaron. Figure 7 represents the spin-up and spin-down electronic density of states (DOS) of the oxidized system. Unoccupied states with well-defined spin polarization appear at the top of the valence band (these empty states do not exist in the insulating dry reference system), reflecting the metallic character of the oxidized system and the creation of holes subsequent to oxygen incorporation. It is possible to characterize the holes by looking at the spatial density of probability of the corresponding unoccupied states. Otherwise Fig. 8 shows the projection of the DOS on the p orbitals of oxygen and the f orbitals of Gd. It clearly indicates that the hole is mainly localized on the oxygen atoms first neighbors of Gd and supports the picture of a small polaron, for which the mobility is therefore thermally activated and ∝ e −E a /k B T . Moreover, the magnetic moment of the whole system after incorporation of one O atom differs by 2 μ B , meaning that the holes have the same spin. The small polaron therefore constitutes a magnetic defect (the same magnetization has been found in oxidized barium stannate and barium zirconate 10 ).
Characteristics of the hole polaron
V. THERMODYNAMICS OF HYDRATION AND OXIDATION IN BCGO
The previous section was dedicated to the study of hydration and oxidation in BCGO from a microscopic point of view. The hydration and oxidation enthalpies have been determined, as well as the complex energy landscape of protons and vacancies in the compound. However, such data do not provide information about the thermodynamics of hydration and oxidation, i.e., at finite temperature and in various chemical environments, nor about their competition in the simultaneous presence of oxygen and water. [68] [69] [70] From the point of view of thermochemistry, this is because the standard entropy of hydration and oxidation cannot be simply evaluated. In this section, the thermodynamics of hydration and oxidation in BCGO is treated. The stability of the BCGO compound itself with respect to its chemical elements and their oxides is treated in Appendix B. To address this question, we define the three following phases, , and proceed by calculating their grand potential, defined in a general way by = E − TS− j N j μ j , where E is the internal energy, and N j and μ j are respectively the number of atoms and the chemical potential of the j chemical species. We also define the deviation of chemical potential of species j as μ j = μ j − E j , and the formation energy of a phase as E f = E − j E j , E j being the internal energy of the j species in its standard phase.
Using the calculated formation energies given in Table XI , one easily gets the three grand potentials as a function of μ O and μ H 2 O :
where c is a function of μ Ba , μ Ce , μ Gd , and μ O , identical for each of the three compounds:
The expression of hyd is obtained from hyd = E f hyd − c − δ μ H ,w h e r ew eh a v e replaced μ H in order to get the dependency in μ H 2 O ,using
Thus, it is possible to plot stability domains for the three phases as a function of ( μ H 2 O , μ O ), i.e., as a function of the external conditions, since the chemical potentials can be directly related to the partial pressures in the two gases P O 2 and P H 2 O , and to the temperature. For an ideal gas,
[μ O 2 (T,P 0 ) + k B T ln(P O 2 /P 0 )], P 0 being the reference pressure of 1 bar and μ O 2 (T,P 0 ) taken from experimental values. 71 The stability zones are plotted in Fig. 9 . Figure 9 illustrates the competition between hydration and oxidation. It shows that the presence of water pushes at high P O 2 the oxidation (diagonal line), i.e., extends the electrolyte-like behavior compared to the oxidized state. This FIG. 9 . (Color online) Stability of BCGO in its three possible phases (dry, hydrated, oxidized), as a function of ( μ H 2 O , μ O ). μ i can be related either to the partial pressure P i at fixed temperature (which is done above) or to the temperature T at fixed partial pressure.
explains why the oxidized phase is probably absent in the operating conditions of fuel cells. At T = 300 K, if we maintain a water pressure around 25 mbar or above, the compound should be hydrated rather than oxidized, which is in qualitative agreement with experiments (predominance of protons at low T while holes are usually dominant at high T).
At this stage, we point out that this stability diagram neglects the configurational and vibrational entropy of the BCGO in the various phases (due to the multiple possible sites for O vacancies and protons), although its impact is probably important. Moreover, we only consider here three phases (fully oxidized, fully hydrated, and dry): intermediate phases with partial incorporation of water or oxygen is expected to lead to blurry regions where the compound is partially hydrated and/or oxidized. The limit between two phases may then be spread over a wide range of water and oxygen partial pressures, instead of being the neat line drawn on Fig. 9 . However, the present approach, even if approximate, shows that, at room temperature, the BCGO compound can be hydrated.
VI. CONCLUSION
In this paper, we have presented a study of the thermodynamics of Gd-doped barium cerate in relation with important physicochemical processes involved in fuel cells, in which this compound can be used as an electrolyte. More precisely, we have characterized by density-functional calculations the hydration and oxidation of the compound.
Under hydration (which is found strongly exothermic), the protons evolve in a very complex energy landscape that can be approximated with a very good accuracy by a structure with 16 local minima (8 different protonic sites on the oxygens belonging to the first coordination shell of Gd dopants, 8 sites on other oxygens). In particular, some sites far away from the dopants are more stable than other ones close to them, even though Gd dopants remain, on average, attractive for the protonic defects (association energy ≈−0.1 eV). This result questions the traditional picture 66 according to which dopants, which are formally negative point defects, attract the protons and act as traps for protons. This peculiar feature is the consequence of the highly distorted tilted structure of the host compound.
The modelization of fully hydrated BCGO by a structure with 16 local minima provides a common picture for future kinetic Monte Carlo simulations of proton conduction.
Oxidation, i.e., oxygen incorporation, is also found exothermic, as already found in other acceptor-doped perovskites. 10 This process is associated with the metallization of the system with appearance of magnetic hole polarons localized on the oxygen atom first neighbors of the Gd dopants.
The present approach applies to the study of hydration and oxidation in any acceptor-doped perovskites or more complex oxides such as mixed ionic-electronic conductors. The chemical behavior of such systems under reducing atmosphere, i.e., in the presence of hydrogen H 2 , could also be investigated in future works.
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APPENDIX B: STABILITY OF THE BCGO COMPOUND
The stability of the BCGO compound is examined, independently of its ability to hydrate or oxidize; i.e., we try to determine the conditions in which BCGO is more stable than the pure elements (Ba, Ce, Gd) in their metallic state, and their oxides. We proceed as above, by computing the grand potential = E f − j N j μ j as a function of the deviations of chemical potentials of each element.
For instance, the grand potential of pure barium cerate is computed according to E O 2 (g) .
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with the disorder on the B site. At low temperature, this stability might be lost (order-disorder transition as in binary mixtures) and the system should separate into a BaCeO 3 phase and a Gd 2 O 3 phase. However, it is probable that the B-sublattice configuration is frozen and kinetically blocked in a high-temperature pattern since the diffusion of Ce/Gd atoms throughout the B sublattice at low temperature should involve complex mechanisms with very high energy barriers.
